The standing stall of the centrifugal compressors appears with pulsating or switching pattern at operating points slightly away from the stall line. It is a weak form of the rotating stall and stands still in the absolute frame. The reverse flow of the compressed warm fluid travelling from the impeller's outlet along the shroud surface towards the inlet is not yet powerful enough to generate rotating stall. The experimental investigations revealed that in the low-flow-rate offdesign region, the inlet flow to the impeller has a large positive incidence angle. Nose bubbles are formed on the suction surface of the blade after the leading edge. Once the reverse flow as a pressure wave reaches the inlet of the blades, the nose bubble is stagnated to an enlarged size. The corresponding disturbance sends a rarefaction wave in the forward direction into the impeller. This wave of cool fluid meets the reverse pressure wave of the warm fluid at a circular front around the circumference of the impeller. Since this circular front has a weak baroclinicity, it cannot develop into Rossby waves which initiate the rotating stall. Instead it will either pulsate concentrically or switch linearly. We then experience a standing stall with the corresponding pattern.
Rotating stall is well known. The earliest systematical studies were carried out on axial compressors, for example by Emmons et al. In 1955 , Greitzer in 1976 , Day and Cumpsty in 1978 and Moore in 1984 . One stall cell with its rotational sense equal to that of the rotor revolution was found to be the normal pattern if the absolut frame is referred to. No standing stall has been observed on axial compressors so far.
Centrifugal compressors, however, usually have their rotating stall to occur in a rotational sense opposite to the direction of the impeller revolution, when again considered in the absolute frame (e.g. Haupt et al., 1986a Haupt et al., ,1986b Haupt et al., , 1988 . This property enables the standing stall to occur in the absolute frame as a special class of a rotating stall, whose rotating speed relative to the impeller is just equal to, but opposite to the revolution of the latter. The standing stall found by these authors in combination with vaneless diffuser at an operating point near to, but not on the stall line was a component simultaneously superimposed on the rotating stall. It was separated from the rotating stall using the frequency domains. It can pulsate concentricallly or switch linearly. found the existence of standing stall on the same centrifugal impeller used by Haupt et al. mentioned, but in combination with a vaned diffuser. This standing stall occured independently of the rotating stall. It possesses only the pulsating pattern.
It is well known that the rotating stall is introduced by the reverse flow of warm and compressed fluid with a longitudinal vortex nature. It travels along the shroud surface from the impeller's outlet towards the inlet When it meets the fresh forward flow in the inlet region, a circular baroclinic front (i.e. with the density varying in surfaces of constant pressure) around the impeller is generated. This circular front is then deformed by the baroclinicity under the influence of the Coriolis force into the Rossby waves, which cause the stall cells to rotate with a very low speed with respect to the absolute frame. The Rossby waves are usually composed of two lobes in case of intense rotating stall.
If however, the operating point is kept at a slight distance away from the stall line, as in the present case, the reverse flow mentioned would not be strong enough to generate a circular front with sufficient baroclinicity. It is shown that the circular front will pulsate either concentrically or switch linearly, whereby the disturbance in the inlet flow will play an important role.
EXPERIMENTAL ARRANGEMENT
The radial-bladed impeller of the centrifugal compressor is shown in Fig. 1 . The outer diameter was D2 = 400 mm with 28 blades, every second one was cut back in the inlet. Measurements of the flow characteristics of the compressor in the unsteady flow regime were carried out using 10 to 12 high frequency response semi-conductor pressure transducers mounted in the compressor shroud. There were two groups of measurements. A vaneless diffuser was used in the first one at 16000 rpm (Haupt et al., 1986a (Haupt et al., , 1986b , and a vaned diffuser of 19 vanes was used in the second one 1995 at 12000 rpm) whereby the inlet edge of the vane was situated at = D3/D2 = 1.15 and the inlet angle of the sane was 0i3 = 27°. In the first group, twelve pressures at equal distances around the circumference at either x/s = 0.2 or 0.7 were measured simultaneously. In the second group ten pressures were measured simultaneously at the positions of x/s = 0.05, 0.15, 0.4, 0.55, 0.7, 0.8, 0.95, 1.0 in the meridional direction along the contour of the blade tip, and at x =-5 mm (i.e. in front of the impeller) and r/r2 = 1.03 (i.e. downstream of the impeller). s denotes the overall length of the blade tip from its inlet to outlet. (see Fig. 2 ). At the same time, the vibrations of a blade near its inlet edge at the location of the maximum strain were measured using semi-conductor strain gauge via a FM-telemetry system. The performance curves of the compressor is given in Fig.3 for the first group and in Fig. 4 for second group.
PATTERNS OF THE PRESSURE FLUCTUATIONS
The first group of measurements was carried out at 16000 rpm just near the stall line, so that several types of stall phenomena appear simultaneously at this single operating point. The corresponding superposition was seperated into its fundamental components by means of the freguency domains. The result shows two kinds of standing stall at 3.8 -4 Hz and 220 -228 Hz, superimposed by another two kinds of rotating stall at 20.6 -22.4 Hz with two cells (m = -2) and 122.4 -123.4 Hz with three cells (m = +3). Positive sign in the bracket means the rotating sense to be equal to the impeller revolution, whilst the opposite is true for the negative sign. et al., 1994 and 1995) The pressure measurements around the shroud surface at the following six instants of a period T were carried out 0/360, 60/360, 120/360, 180/360, 240/360, 300/360 as given in Fig (Haupt et al., 1986a) .
The rotation of the quite constant pressure patterns for the two types of rotating stall at 20.6 -22.4 Hz with two cells and at 122.4 -123.4 Hz with three cells is visible.
The pressure patterns at 3.8 -4 Hz reveal a fundamental trend of a periodical radial pulsation from a maximum value at 0/360 -60/360 to a minimum value at 180/360 -240/360. The distribution of the pressures around the circumference is quite uniform in the instant for both the maximum and minimum pressures at 0/360 -60/360 and 180/360-240/360, respectively. Only in the intermedium instants for the neutral -pressures condition at 120/360 and 300/360 in the measuring point of x/s = 0.2, the disturbance of a weak rotating stall with two cells appears. It seems that the two modes of the standing stall and the rotating stall are very close to each other. It is this weak rotating stall which modulates the pressure distribution to some degree of non-uniformities. However, on the whole, the standing stall rpm outweighs the rotating stall considerably. Therefore, the pressure patterns during a period T is fundamentally pulsating in the radial direction at a frequency of 3.8 -4 Hz, as sketched in Fig. 7a . The second type of the standing stall at 220 -228 Hz in Figs. 5 and 6 reveals a fundamental switch of the circular pattern as sketched in Fig. 7b . Whilst the pattern is rather free of disturbances in Fig. 5 , that in Fig. 6 is accompanied by small -scaled disturbances. 
MECHANISM OF THE EXCITATION OF STANDING STALL
The measurement about the pressure waves was carried out at 12000 rpm and th = 4.1 kg/s, whilst the stall line is situated at rim = 3.75 kg/s (Fig. 4 ). Thus the operating point is not close to the appearance of the rotating stall.
The rotating stall is initiated by the compressed warm, reverse flow issuing from the outlet of the impeller and travelling along the shroud/suction-surface towards the inlet. Since the boundary layer along the shroud surface has a property of the Stewartson/Ekman layer, it is separated into longitudinal vortex rolls with the reverse flow penetrating through their cores (Chen et al., 1988) . This reverse flow then meets the fresh and cool forward flow at a circular front around the impeller's circumference in the inlet region. This circular front is then deformed into Rossby waves due to the baroclinic instability caused by the variation of the density in surfaces of constant pressure (Chen et al., 1987 (Chen et al., , 1990 , see Fig.8 . Thus, the circular front is the fundamental mode of the Rossby waves. Usually, the Rossby wave rotates with an angular velocity ee, which is opposite to the sense of rotation C of the impeller when measured in the absolute frame. In addition, w is always very small compared to C. The vorticity of the reverse flow is then fed into the stall cells.
The Rossby wave is an overall pattern composed of the elementary Rossby waves formed in the subsequent blade channels, because a high pressure is generated on the pressure surface of the blade and a low pressure is generated on the suction surface. A rotating blade channel with such a pressure gradient over the cross section will generate an elementary Rossby wave along the longitudinal direction of the channel (Chen et al., 1991) . This blade channel can be modelled by means of a straight fluid channel with a rigid sloped bottom and a free surface, rotating with the angular velocity 0, Fig. 9 . The side of the shallow fluid in (a) simulates the low pressure (suction side), and the side of the deep fluid simulates the high pressure (pressure side) acting on the bottom. The height (z) fluctuation of the fluid's free surface in both x and y directions (i.e. along the longitudinal and the transverse direction of the channel in (b)) simulates the pressure fluctuations in the blade channel. The fluctuating velocities are denoted by u,v and w in the direction of x, y and z, respectively. It is shown that an elementary Rossby wave (with the profile of u in (c) and v in (b)) is generated along the channel by this pressure fluctuation (Chen et al., 1991) . The elementary Rossby wave in each of the blade channels is then communicated with those of the neighbouring ones by means of the flows in the inlet and outlet annular spaces of the impeller. This communication enables the formation of the overall pattern of the Rossby wave around the impeller, as shown in Fig. 8 . The overall pattern is thus an expression of the synchronized shift of phase of the elementary Rossby wave in each of the adjacent blade channels. The velocities u, v and w in a blade channel are then adjusted to those of the adjacent blade channels.
The operating point for the present investigation is at a slight distance away from the stall line ( Fig. 4 for 12000 rpm denoted by an open circle, . The reverse flow is still weak. This can be shown in Fig. 10 for the traces of the pressures measured along a meridional line indicated in Fig. 2 . The signal for the strain of the inlet edge of a blade due to vibration is shown on the top in Fig. 10 . A thick solid straight line at time (0) separates the onset of the standing stall from its pre-field of the excitation. The standing stall appears with regular stationary waves with the aligned phase from the inlet to the outlet of the impeller.
An enlarged diagram to a size of 420 x 300 mm has been recorded from the storage tape. The locations of the peaks and valleys of the waves can then be very well qualitatively determined. In the earlier pre-field the pressure waves along the shroud already show some coherence features. It can be followed up to x/s = 0.4. No pressure wave can be detected at x/s = 0.3 and beyond. But it is until time (a), the phase relationship between the subsequent pressure fluctuations across the entire impeller become very clear. A straight chain of vectors under an inclination of about 1.5 degree to the vertical line can be drawn through the peaks of the subsequent pressure fluctuations. Such a phase shift of the subsequent pressure fluctuation curves from the impeller outlet (x/s = 1.0) toward the inlet reveals that the pressure fluctuations are progressive waves travelling in this reverse direction. A phase shift for this inclined chain of one degree corresponds to a propagation velocity of 6 m/s for the progressive waves. The measured inclination angle of 1.5 degree yields a propagation velocity of 9 m/s. The peak of the pressure fluctuation has reached for the first time clearly up to x/s = 0.3 and 0.15, whereby no such disturbance has been hardly observed before in this region.
A wave valley of this pressure fluctuation at x/s = 0.15 follows the said pressure peak at the instant (b). This wave valley propagates in the forward direction along an inclined line of about 0.5 degrees up to the zone of x/s = 0.8, as shown by the chain of the corresponding arrows. The respective propagation velocity of this wave valley is 3 m/s in the forward direction. On the other hand, at the same time (c) a wave valley travels from the impeller outlet (x/s = 1.0) under an inclined line of about 0.5 degrees towards the zone of x/s = 0.8, see the chain of the corresponding arrows. The corresponding propagation velocity of this progressive wave is again 3 m/s. Thus, the zone of x/s = 0.8 is a front of the meeting between the two propagating waves of the forward one (b) and the reverse one (c). After this meeting, the pressure fluctuations at the different points x/s are synchronized into a pattern of stationary waves between the inlet and the outlet of the impeller.
Waves (a) and (c) thus incorporate the travel of the disturbance of the outlet of the impeller in the reverse direction. When wave (a) reaches the inlet of the impeller, it is reflected into wave (b) with a phase shift of x. Wave (b) then meets wave (c) at the circular front in the zone of x/s = 0.8 around the circumference of the impeller. The time interval between (b/c) and (0-0) represents the time needed for the development from the regular disturbance at the impeller outlet to the establishment of the stationary waves within the impeller, thus the onset of the standing stall.
The vibration of the impeller blade becomes very strong in the period of maximum pressure of the standing stall, and weak in the period of minimum pressure, as revealed by Fig. 10 . The circular front pulsates concentrically with a frequency of 6.84 Hz for the present case as sketched in Fig. 7a .
Since the operating point is at a slight distance away from the stall line (Fig. 4) , the baroclinicity is not strong enough to amplify the circular front into the Rossby wave. Therefore, the stall remains standing, instead of rotating.
Nevertheless, the pulsating standing stall is composed of the elementary Rossby waves of the blade channels. The appearance of the pulsation or switch is the overall pattern of the phase-shifted front of these elementary Rossby waves of the neighbouring blade channels. This overall pattern rotates around the circumference of the impeller with the same angular velocity as that of the impeller, but in the opposite direction. Therefore, the standing stall appears to stand still in the absolute frame with pulsating or switching movement about its initial circle.
SOME PROPERTIES OF THE STANDING STALL
The influence of both the rotating speed of the impeller and the condition of the diffuser (with or without vanes) on the properties of the standing stall are summarized in table 1.
According to the table given below the frequency of the standing stall either in the radial pulsation mode or in the switch mode is only slightly affected by both the speed of the impeller from 12000 to 16000 rpm and the conditions of the diffuser of being vaned and vaneless. However, the existence of the vanes in the diffuser has made the pulsation mode to occur independently of the rotating stall, but at the expense of the switch mode. This result reveals that the switch mode of the standing stall cannot be found to occur independently of the rotating stall.
It is well known that the vaned diffuser exerts a stronger compulsion on the discharged flow of the impeller for deflecting it to return backward along the shroud as a reverse flow (Chen et al., 1996) . As shown in Section 4 it is the reverse flow that introduces the standing stall. Therefore, the vaned diffuser enables the pulsation mode to occur as an independent instabiltity component.
It is also well known that the rotating stall is likewise introduced by the said reverse flow (Chen et al., 1988) . As the rotating stall usually has a very low rotating speed with respect to the impeller revolution due to the formation of the Rossby waves, the pulsation mode of the standing stall as a fundamental mode of the Rossby wave is therefore preferred by the strong reverse flow.
As shown by Haupt et al., (1986a) for -15000 rpm = 244Hz, the impeller blades are excited by the standing stall to vibrate strongly at the rotating speed f,• = 244 Hz of the impeller (see their Figure 10 ), due to the relative motion of the stall across the blades with the speed equal to but opposite to the impeller revolution. The strain reaches 0.012 mm/m at f;, 0.003 mm/m at fl =204 Hz (switch mode) and 0.028 mm/m at f2 = 7 Hz (pulsation mode). In addition, the switch mode interacts with the rotating impeller blade at a frequency of fi± f1= 244 ± 204 = 448 and 40 Hz with a strain of 0.040 and 0.033 mm/m, respectively. This strain is three times as intense as that at the rotating speed fi.
No interaction of the pulsation mode of f2 =7 Hz with the rotating impeller blades was found by these authors. This reveals the correct interpretation of the movement of this stall front sorely along the blade channel, but without crossing it.
The maximum pressure fluctuations of the standing stall obtained by Haupt et al. (1986a Haupt et al. ( , 1986b Haupt et al. ( and 1988 with vaneless diffuser, and by with vaned diffuser all appear at the position of the impeller of x/s = 0.8. This may be an effect of the shape of the impeller, because these two groups of authors carried out their investigations on the same radial bladed impeller depicted in Fig. 1 1994, 1995) 14000 no 6.8 Hz 204 Hz vaneless (Haupt et al., 1986a (Haupt et al., , 1986b simultaneously superimposed on each other and on rotating stall 15000 no 7 Hz 204 Hz 16000 m = -2, +3 3.8 -4 Hz 220 -228 Hz Table 1 : Influence of impeller speed and diffuser vanes on the standing stall
REFLECTION OF THE PRESSURE WAVES OF THE REVERSE FLOW ON THE IMPELLER INLET
It is shown in Fig. 10 that the pressure wave is reflected at the inlet of the impeller further upstream at x/s = 0.15 from pressure wave (a) to rarefaction wave (b). This reflection is brought about by the reaction of the nose bubble on the suction surface behind the inlet edge of the blade at x/s = 0. The nose bubble will pulsate accordingly, see subfigure (a) to (b) of Fig. 11. a) b) c) Fig. 11 : Reflection of the backward propagating pressure wave on the inlet edge of the impeller blades into rarefaction wave under amplification of their nose bubbles ((c) after Smith and Cumpsty, 1984) .
A field of pressure fluctuations due to the amplification of the disturbances appears through the entire impeller before the standing stall is set on, see Fig. 10 . This is the pre-field of the standing stall to be considered. In instant (a) the pre-field grows to a maximum, whereby, at the off-design low flow rate, the entrance flow directs to the inlet edge of the blade of the impeller under a great incident angle. This flow is deflected under the formation of a nose bubble on the suction surface behind the leading edge of the blade, see Fig. I la. When the pressure wave p. travelling with the reverse flow reaches the leading edge of the blade, they stagnate the entrance flow of the impeller there. This stagnation causes the inlet flow to deflect from the suction surface of the blade, so that a larger nose bubble is formed (see Fig. l lb) . This enlargement of the nose bubble causes the free cross-section of the blade cascade for the entrance flow to become narrow. As a consequence, the inlet flow in the entrance region will be accelerated to a lower pressure level. In this manner, the pressure wave of pp (a) of Fig. 10 at the impeller entrance coming with the reverse flow is reflected into a rarefaction wave of pmin (b) returning with the forward flow into the impeller.
This reflection is similar to that process of a pressure wave, which propagates along a pipe towards its open end, and then reflected at this open end as a rarefaction wave for travelling backward into the pipe again. A very strong secondary flow out the open end will be generated. It will still lower the overall flow streaming into the pipe.
In the case of operating close to the stall line, the nose bubbles of all the blades in the region near the shroud surface will combine with each other into a free rotating fluid ring, see Fig. I lc (measurement of Smith and Cumpsty, 1984) , as shown by Chen et al., (1988) . Then, rotating stall will be introduced by this free rotating fluid ring. As the operating point for the present case is at a slight distance away from the stall line, no such an introduction can take place here.
CONCLUSIONS
Standing stall in the centrifugal compressor impeller was experimentally detected. The stall does not rotate in the absolute frame, thus opposite to the rotating stall, but instead either pulsating concentrically about a circumferential circle of the impeller, or switching about it The analysis of the field of the pressure fluctuations on the shroud revealed that the wave pattern remains stationary from the inlet to the outlet of the impeller, instead of the progressive nature as appearing in the rotating stall. It is further found that the standing stall is introduced by the reverse flow caused by the disturbance at the outlet of the impeller. The disturbance appears first in the outer part of the impeller as pressure waves which are not firmly correlated between the different zones of x/s of the impeller. There are hardly pressure waves detectable in the inlet part from x/s = 0.3 upstream. The blades of the impeller remain without unusual vibrations. But after about four cycles of such pressure waves, the waves are well organized into progressive wave propagating in the reverse direction from the outlet towards the inlet. The peak of the wave can be traced to travel with a velocity of about 9 m/s. Its front can be clearly detected from x/s = 0.3 to 0.15. It then introduces a wave valley, which returns its propagating direction into the forward direction with a travelling velocity of about 3 m/s. This returned wave valley represents the reflection of the pressure peak at the open inlet of the impeller.
In the meantime, the following valley of pressure waves of the impeller's outlet travels likewise backward into the impeller and meets the reflected wave valley mentioned above at the zone of x/s = 0.8. As the backward wave is composed of hot and compressed medium, the forward one is composed of cool and fresh medium, they form a baroclinic front without mixing because of the effect of the Coriolis force.
The front has a circular form around the circumference of the impeller. Since the baroclinic instability is not intense enough to deform the circular front into a Rossby wave, no rotating stall can be generated by it. Instead, it will cause the circular front either to pulsate concentrically about its initial circle or to switch about it. As both kinds of pulsation and switch are about the initial circle, which stays stationary in the absolute frame, we have a standing stall. A stationary wave pattern is generated over the entire impeller from the inlet to the outlet. The blades of the impeller are excited to strong vibrations varying in strength with the rhythm of the cycle of the pulsation and especially with that of the switch.
